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• K → ππγ-decays, K+ → π+π0e+e−, KS → π+π−µ+µ− work in collaboration

with L. Cappiello, O.Cata, M. Sokoloff

• KS → π0µ+µ−, K+ → π+µ+µ− and related channels
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

K(pK) → π(p1)π(p2)γ(q)

• Lorentz + gauge invariance ⇒ Electric (E) and Magnetic(M) amplitude

A(K → ππγ) = Fµν [E∂µK∂νπ +Mεµνρσ∂
ρK∂σπ]

• Unpolarizated photons
d2Γ

dz1dz2
∼ |E|2 + |M |2

|E2| = |EIB|2 + 2Re(E∗
IBED) + |ED|2

↓

Low Theorem ⇒ EIB ∼ 1
E∗

γ
+ c ED, M chiral

tests
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

We need FIGHT DE/IB∼ 10−3

IB DEexp

KS → π+π−γ 10−3 < 9 · 10−5 E1

K+ → π+π0γ
10−4

(∆I = 3
2)

(0.6 ± 0.04)10−5

PDG
M1,E1

KL → π+π−γ
10−5

(CPV)

(2.84 ± 0.11)10−5

KTeV

M1,

VMD

CPV is only from IB KL (also measured in KL → π+π−e+e−)

BUT IB suppressed in K+ and KL.
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

K+ → π+π0γ

A(K → ππγ) = F µν [E∂µK∂νπ + Mεµνρσ∂
ρK∂σπ]

E1 and M1 are measured with Dalitz plot

∂2Γ
∂T ∗

c ∂W
2 = ∂

2
ΓIB

∂T ∗
c ∂W

2

[

1 +
m

2
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W 4

]

W 2 = (q · pK)(q · p+)/(m
2
πm

2
K)

A = A(K+ → π+π0)
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

K+ → π+π0γ W − Tc Dalitz plot

Integrating over Tc deviations from IB measured
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

CP asymmetry K+ → π+π0γ
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Dalitz plot analysis crucial

SM ≤ O(10−5) Paver et al.

NP ≤ O(10−4) Colangelo et al.

NA48/2 < 1.5 · 10−3 at 90% CL

BUT NOT in the interesting interf. kin. region (statistics)
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

Kl4 and ππ strong phases δlI(s) Cabibbo Maksymowicz

GF√
2
Vus ēγµ(1− γ5)ν Hµ(p1, p2, q)

Hµ = F1p
µ
1 + F2p

µ
2 + F3 εµναβp1νp2αqβ. Fi(s) = fi(s)e

iδ00(s) + ..

θθ
φ

νπ

π+

−

K
+

e+
π

e

• crucial to measure sin δ =⇒ interf F3

• Look angular plane asymmetry
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

KL → π+π−γ∗ → π+π−e+e− Sehgal et al; Savage,Wise et al

K+(P )

π+(p1)

π0(p2)

γ∗(q)
e+(k+)

e−(k−)

• MLD = e
q2

ēγµ(1− γ5) e Hµ

• Hµ = F1p
µ
1 +F2p

µ
2 +F3 εµναβp1νp2αqβ

• F1,2 ∼ E F3 ∼ M

• Interference E M novel compared to KL → π+π−γ

• E M known from KL → π+π−γ (IB and DE)
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

KL → π+π−γ∗ → π+π−e+e− θℓ, φ vs θπ

d5Γ

dE∗
γdT

∗
c dq

2d cos θℓdφ
= A1 +A2 sin

2 θℓ +A3 sin
2 θℓ cos

2 φ

+A4 sin 2θℓ cosφ+A5 sin θℓ cosφ+A6 cos θℓ

+A7 sin θℓ sinφ+A8 sin 2θℓ sinφ+A9 sin
2 θℓ sin 2φ

θθ
φ

νπ

π+

−

K
+

e+
π

e

• A1,.,4 IB, A8,9, CPV B-M interf.

• ℜ(EB M∗)
|EB|2 + |M |2 is maximal, ∼ 0.1

• A5,6,7 interf. axial leptonic current ,
AP SD
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

K+ → π+π0γ∗ → π+π0e+e− Cappiello, Cata,G.D. and Gao,

• the asymm. ,
ℜ(EB M∗)
|EB|2 + |M |2, not as lucky EB >> M :

• B(K+)IB ∼ 3.3× 10−6 ∼ 50 B(K+)M

• Short distance info without having simultaneously K+ and K−, asymm.
in phase space, ( P-violation) interesting! No ǫ-contamination

• interesting Dalitz plots (at fixed q2) to disentangle M from EB

• at q2 = 50MeV IB only 10 times larger than DE
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

qc (MeV) B [10−8] B/M B/E B/BE B/BM

2ml 418.27 71 4405 128 208

55 5.62 12 118 38 44

100 0.67 8 30 71 36

140 0.04 9 10 -45 37

180 0.003 12 5 -19 44
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

KS → π+π−e+e− and KS → π+π−µ+µ−

BR(KS → π+π−e+e−)B = 4.73 × 10−5

BR(KS → π
+
π

−
e
+
e
−
)BE = 2.68 × 10

−8

BR(KS → π+π−e+e−)E = 6.82 × 10−11

The branching ratio of the Brehmsstrahlung is very close to the PDG value

BR(KS → π
+
π

−
e
+
e
−
)PDG = (4.79 ± 0.15) × 10

−5

KS → π+π−µ+µ− 7.15 MeV phase space

BR(KS → π
+
π

−
µ
+
µ
−
)B = 4.17 × 10

−14

BR(KS → π
+
π

−
µ
+
µ
−
)BE = 4.40 × 10

−15

BR(KS → π+π−µ+µ−)E = 1.16 × 10−16
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

KS → π+π−e+e− and KS → π+π−µ+µ−
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

KS → π+π−µ+µ−: B, interf, DE
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

K±(KS) → π±(π0)ℓ+ℓ−

• short distance << long distance
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LD described by form factor W

W i =GFm
2
K(ai + biz) + W i

ππ(z)

i = ±, S

ai, bi ∼ O(1), z =
q
2

m2
K

• Observables Γ(K+ → π+e+e−), Γ(K+ → π+µµ), slopes

• ai O(p4) Ecker, Pich, de Rafael

• bi O(p6) G.D., Ecker, Isidori, Portoles

• a+, b+ in general not related to aS, bS
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

• Expt. E865 and NA48

K+ → π+e+e− : a+ = −0.586 ± 0.010 b+ = −0.655 ± 0.044

confirmed NA48K+ → π+µµ a+ = −0.575 ± 0.039 b+ = −0.813 ± 0.145

Problems:
ai bi same phenomenological size

p4 p6 different theoretical order

Probably explained by large VMD. Then we can just parameterize

Br(KS → π0e+e−) = 4.6 × 10−9a2
S

not predicted but dynamically interesting: aS ∼ O(1) (?): NA48
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

KS → π0e+e− at NA48/1 Collaboration at CERN
• 7 events observed (with 0.15 expected background events)

B(KS → π0e+e−)mee>165 MeV =
(

3.0+1.5
−1.2 ± 0.2

)

× 10−9

|aS| = 1.08+0.26
−0.21

Using Vector matrix element and form factor equal to 1

B(KS → π0e+e−) =
(

5.8+2.9
−2.4

)

× 10−9

• 6 events observed in KS → π0µ+µ−:

|aS| = 1.54+0.40
−0.37
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

• The large slope for K+ → π+e+e− calls for large VMD

• K+ → π+e+e− receives substantial ππ-loop, contrary to KS → π0e+e−

(∼ 0),

• if we split

(

aVMD
i

1− zm2
K/m2

V

+ anVMD
i

)

≈
[

(

aVMD
i + anVMD

i

)

+ aVMD
i

m2
K

m2
V

z

]

Then we can determine both terms from expt.

aVMD
+ =

m2
V

m2
K

bexp+ = −1.6±0.1 , anVMD
+ = aexp+ −aVMD

+ = 1.0±0.1
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

• Assuming a short distance relation

Buchalla,Isidori,G.D.

(aS)〈Q7V 〉 = −(a+)〈Q7V 〉

• If this relation is obeyed by the full VMD amplitude

(aVMD
S )〈Q7V 〉 = −aVMD

+ = 1.6± 0.1

in good agreement with NA48 (|aS| = 1.08+0.26
−0.21)
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

KL → π0e+e− : summary

Br(KL → π0e+e−) ≤ 2.8 · 10−10 KTeV
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CP conserving NA48

Br(KL → π0e+e−)< 3 · 10−12

V-A⊗ V-A ⇒ 〈π0e+e−|(s̄d)V −A(ēe)V −A|KL〉 violates CP
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays
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B(Ks → π0e+e−) = 4.6a2S × 10−9

Possible large interference: aS< −0.5 or aS> 1; short distance probe even for aS large

|2) + 3)|2 =

[

15.3 a2
S − 6.8

Imλt

10−4
aS + 2.8

(
Imλt

10−4

)2
]

· 10−12

[17.2± 9.4 + 4.7] · 10
−12
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

Conclusions

• K → ππll

• K → πll

• still to discuss AFB in K → πll

• still to discuss time interference in K → ππll
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

KS(KL) → µµ

• A(K0 → l+l−) = ūl(iB + Aγ5)vl

• if No polarization is measured

Γ(KL,S → µ+µ−) =
mK βl
8π

(

|A|2 + |B|2
)

β =

√

1− 4m2
µ

m2
K

• For Polarization studies see Peter Heczeg Phys.Rev. D27 (1983) 1512
LA-UR-82-3262
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

KL → µµ
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Γ(KL → µµ)
Γ(KL → γγ)

= |ReA|2 + |ImA|2 = (1.238± 0.024) · 10−5

|ImA|2= 27.14 r =⇒ |Re(ASD +ALD)|2 = (0.98± 0.55) r

r kin. factor

Good determination of ALD ⇒ ASD⇒ SM test
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

Low energy form factor + matching with VMD to QCD

We use a QCD motivated form factor G.D. Isidori, Portoles;Isidori, Unterdorfer

A(KL → γ∗(q1)γ
∗(q2)) = Aexp

γγ

[

1 + α

(

q21
q21 −M2

V

+
q22

q22 −M2
V

)

+β
q21q

2
2

(q21 −M2
V )(q

2
2 −M2

V )

]

α fixed from KL → γγ∗ β from KL → e+e−µµ̄ (not yet)

Matching with QCD q21, q
2
2 → ∞ imposes |1 + 2α+ β| ≃ 0.3

Workshop on Rare Strange Decays at LHCb CERN, 6th December 2013 24



G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

Isidori, Unterdorfer

• |ImA|2= 27.14 r =⇒ |Re(ASD +ALD)|2 = (0.98± 0.55) r

r kin. factor

• By very accurate study they obtain −3.1 < ASD < 1.7 =⇒
B(KL → µµ)SD < 2.5× 10−9
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

KS → µµ Ecker,Pich; Isidori, Unterdorfer

• A(K0 → l+l−) = ūl(iB + Aγ5)vl

• Γ(KL,S → µ+µ−) =
mK βl
8π

(

|A|2 + |B|2
)

β =

√

1− 4m2
µ

m2
K

• Short distance: ONLY CP Violating from A

• SM B(KS → µµ)SD = 1 × 10−5|ℑ(V ∗
tsVtd)|2 ∼ 10−13; NP ∼ 10−11

allowed;

• LD VERY ACCURATE 5× 10−12, error from expt B(KS → γγ)

• LHCB B(KS → µµ) < 11× 10−9 at 95% CL after 40 years
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

KL(p) → π0(p3)γ(q1)γ(q2)

Lorentz + gauge invariance ⇒ M ∼ A(y, z) B(y, z)

γγ γγ

y=p·(q1−q2)/m
2
K, z=(q1+q2)

2/m2
K J = 0 D − wave too

rπ=mπ/mK F µνFµν F µνFµλ∂νKL∂
λπ0

• d2Γ
dydz

∼ z2|A + B|2+

(

y2 −

(
(1 + r

2
π − z)

2

4 − r2
π

))2

|B|2 S,B

• Different gauge structure ⇒ B 6=0 at z → 0 (collinear photons).

Crucial role in KL → π0e+e−

A suppressed by me/mK

B is not

Morozumi et al, Flynn Randall

Sehgal Heiliger, Ecker et al., Donoghue et al.
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

KL → π0γγ
• O(p4) Ecker, Pich, de Rafael; Cappiello,G.D
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

ACT = α1(z − r2
π) + α2

BCT = β

VMD ⇒ 1 coupling aV (∼−0.6 G.D., Portoles)

(Ecker, Pich, de Rafael;Sehgal et al.)

α1 =
β
2 = −α2

3 = −4aV ∼ 2 n.d.a.∼0.2

• KTeV and NA48: 1 parameter fit (aV ) with all the unitarity corrections
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B(KL → π0γγ)
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- 0.46±0.05 (NA48)
- 0.72±0.08 (KTeV)
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at low mγγ

⇐B(KL → π0e+e−)
< 5 · 10−13
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

KL → π0γγ: KTeV recent data
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B = (1.29 ± 0.03 ± 0.05) × 10−6

aV = −0.31 ± 0.05 ± 0.07
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

• Having i) separated the contribution better suited to comparison with s.d. (VMD) and

ii) realized that this dominates Theoret. and Phenom.(NA48) aS

• we believe the positive interference of s.d.

B(KL → π0e+e−)SM =
(
3.1+1.2

−0.9

)
× 10−11 aS

KTeV B(KL → π0e+e−)

< 2.8×10−10 at 90%C.L. 2.42.01.61.20.80.40

5

4

3

2

1

1011 × B(KL)

104 × ℑλt
Present error on aS = 1.08,10% 5%, no error

K-physics bound: −1.2 × 10−3 < ℑλt < 1.0 × 10−3 at 90%C.L.
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

K+ → π+γγ

γγ in J = 0 J = 2
︷ ︸︸ ︷

FµνF
µν

FF̃

P = +1 P = −1

A C B + ...

Lorentz + gauge invariance

d2Γ
dydz

∼
[
z2(|A + B|2 + |C|2)

+

(

y2 −

(
(1 + r

2
π − z)

2

4 − r2
π

))2

|B|2

]
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

K+ → π+γγ

• O(p4)
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Eker, Pih, de Rafael

In factorization ĉ = 128π
2

3 [3(L9 + L10) + N14 − N15 − 2N18)] = 2.3(1−2kf)

spin-1 contributions (axials) to ĉ

• O(p6) G.D., Portoles 96

Unitarity corrections: 30%-40%

aV + negligible
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

K+ → π+γγ

ĉ

0

− − − −2.3

BNL 787 (96) got 31 events E949 no events at low mγγ:

i) confirm O(p6)

ii) Br∼ (6 ± 1.6) · 10−7

iii) ĉ = 1.8 ± 0.6 NA48 published K+ → π+e+e−γ ĉ = 0.90 ± 0.45

NA48 preliminary B = (1.07 ± 0.04 ± 0.08) · 10−6, ĉ = 2 ± 0.25
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

KL → π0e+e− : summary

Br(KL → π0e+e−) ≤ 2.8 · 10−10 at 90% CL KTeV
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CP conserving NA48

Br(KL → π0e+e−)< 3 · 10−12

V-A⊗ V-A ⇒ 〈π0e+e−|(s̄d)V −A(ēe)V −A|KL〉 violates CP
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays
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x

B(Ks → π0e+e−) = 4.6a2S × 10−9

Possible large interference: aS< −0.5 or aS> 1; short distance probe even for aS large

|2) + 3)|2 =

[

15.3 a2
S − 6.8

Imλt

10−4
aS + 2.8

(
Imλt

10−4

)2
]

· 10−12

[17.7± 9.5 + 4.7] · 10
−12
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

Conclusions

• CP conserving contribution in KL → π0ee is small: confirmed also from
K+ → π+γγ by NA48/2 - NA62

• K+ → π+π0ee interesting new channel , see also K+ → π+π0µµ

• LHCB entering in the scene, 40 years step, see also other KS channels
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

How to extract SD from K+ → π+π0e+e−

Figure 1: Dalitz plot for the contributions to A
(S)
P (in arbitrary units) at q2 = (50 MeV)2.
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G. D’Ambrosio KS → π+π−l+l− and other interesting kaon decays

Novel CP violation contributions (compared to ACP (K
+ → π+π0γ))

ACP =
Γ(K+ → π+π0e+e−) − Γ(K− → π−π0e+e−)

Γ(K+ → π+π0e+e−) + Γ(K− → π−π0e+e−)
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